A ternary titanium alloy (Ti-13Zr-13Nb (TZN)) was prepared by direct electrochemical reduction of a sintered TiO 2 -ZrO 2 -Nb 2 O 5 mixture in molten CaCl 2 at 850 C with an energy consumption of 17 kWh/kg-alloy. The electrolytic Ti alloy was well sintered with bright metallic luster, and it was in α+β dual phase and of porous structure with designed composition. The corrosion behaviors of the obtained TZN in Ringer s solution were tested by open circuit potential and potentiodynamic polarization measurements. The results show that the corrosion rate of the porous electrolytic TZN alloy is lower than that of commercial pure titanium (CP-Ti) after being immersed in Ringer s solution for 10 days. The one-step electro-reduction of mixed oxide powers in molten salts could be an energy ef cient and straightforward way to prepare porous implantable alloys.
Introduction
Due to their excellent mechanical strength, biocompatibility and chemical stability, titanium and titanium-based alloys are widely employed in dental and orthopedic applications. Currently, Ti-6Al-4V, Ti-Ni and Ti-6Al-7Nb alloys are most commonly used for the surgical implants. However, the toxicity of vanadium and aluminum and hypersensitivity of nickel drive the efforts to develop non-toxic Ti based alloys [1] [2] [3] [4] . Several binary or ternary Ti-based alloys such as Ti-Nb 1) , TiTa 2) , Ti-Zr 3) , Ti-35Nb-7Zr-5Ta 4) , Ti-13Zr-13Nb 5) have been reported to be used as implants. Among them, Ti-13Nb-13Zr received increasing attention in recent years for its excellently comprehensive properties such as lower elastic modulus (about 70 GP) and superior corrosion resistance [5] [6] [7] . Modi cation of surface morphology and porosity of the alloys will be helpful to the connection and compatibility between the tissues and the implanted alloys. Therefore, some novel technologies such as powder metallurgy were introduced to prepare porous TNZ alloy in recent years, but the sintering condition greatly affected the pore size and alloy homogenization 8) .
In 2000, Chen et al. reported that porous titanium sponge can be prepared by direct electrochemical reduction of solid titanium dioxide in molten CaCl 2 9) . Besides pure Ti, Ti alloys including TiNi, TiFeNi, TiW, TiZr have already been prepared in a similar approach [10] [11] [12] [13] . It was found that the obtained metal/alloys had a porous matrix consisting of interconnected homogeneous nodular metallic particles, which could be due to their porous oxide precursor 14, 15) . Moreover, the porosity, oxygen content and phase composition of the obtained metal/alloys can be easily controlled by electrolysis conditions such as temperature, cell voltage and electrolysis time. Titanium and titanium alloy powders can also be produced by an indirect electrochemical reduction process of the relative oxides in molten CaCl 2 -CaO, namely, the well-known O-S (Ono-Suzuki) process 16, 17) . For example, TiZr 18) , TiNbNi 19) as well as a biomedical alloy, Ti-29Nb-23Ta-4.6Zr (TNTZ) 20) with very low oxygen content were prepared by the method. Compared with other methods, the direct and indirect molten-salt electrochemical reduction methods only contain one step without merging the metal extraction and melting process, resulting in a lower energy consumption, i.e., 23.5 kWh/kg-TiNi alloy 21) and possibly low cost. There is rare report on the investigation of the corrosion behavior of the alloys, especially the as-prepared porous alloys in the potential application media. In our previous work, it was found that the melting electrolytic NiAl intermetallic compound had a high corrosion resistance in 3% NaCl aqueous solution 22) . In this work, Ti-13Zr-13Nb (TZN) alloy was prepared by direct electrochemical reduction of solid TiO 2 -ZrO 2 -Nb 2 O 5 mixture. Then the corrosion behaviors of the as-prepared TZN alloy in Ringer s solution for different immersion periods were investigated by open circuit potential and potentiodynamic polarization measurements.
Experimental

Preparation of TZN alloy
TiO 2 , ZrO 2 and Nb 2 O 5 (analytical purity, Sinopharm Chemical Regent Co.,Ltd) powders were milled by a planet ball-milling machine at a rotation rate of 250 r/min for 4 h (Ti: Zr: Nb = 74:13:13, weight ratio). After that, the mixed powder was die-pressed into small pellets (20 mm in diameter and 2.0-3.0 mm in thickness). The pellets were sintered at 900 C in air for 2 h to strengthen its constitutive property. The porosity of the pellet was around 40%. Then the sintered pellets were wrapped tightly with nickel foam and molybdenum wire to form a cathode assembly 11, 23) , the porous nickel foam can enlarge the initial current collector/oxide/electrolyte three phase reaction boundaries. The oxide pellet assembly and a graphite rod (20 mm diameter, 200 mm length) were acted as cathode and anode (a typical two-electrode system), respectively. A graphite crucible (100 mm inner diameter and 230 mm height) contained 500 g anhydrous CaCl 2 was placed at the bottom of a stainless steel (SS) reactor heated by a ver-tical tube furnace. Figure 1 shows the simpli ed schematic of the electrolysis cell. Then the SS reactor was heated and then kept at 250 C in air for 48 h to remove moisture in the salt. Subsequently, high-purity argon was owed into the sealed reactor continuously and the temperature was increased to and kept at a prescribed electrolysis temperature (850 C). Pre-electrolysis was performed under a consistent cell voltage of 2.8 V between a nickel cathode and the graphite anode for 4-5 h to further remove residual moisture and redox active impurities in the molten salt. Afterwards, the electrolysis was conducted under a cell voltage of 3.1 V between the oxide cathode and graphite anode (Fig. 1) . The electrolysis was controlled and monitored by a four-electrode DC power system (Shenzhen Neware Electronic Ltd., China). When the electrolysis was terminated, the cathode was lifted out from the molten salt, cooled down in the argon atmosphere, taken out from the reactor, washed in distilled water, and dried in air. The morphology and composition of the electrolytic products were analyzed by XRD (Shimadzu X-ray 6000 with Cu Kα1 radiation at λ = 0.15405 nm), SEM (FEI Sirion eld emission) and EDX (EDAX GENESIS 7000). To study the reduction behavior of the mixed oxide powder in the melt, cyclic voltammetry was conducted by a three-electrode system in the same as-prepared molten CaCl 2 . A powder modied electrode (PME) was fabricated from a freshly broken molybdenum wire (2 mm in diameter) which was cut by repeatedly bending 24, 25) and then the oxide powder (TiO 2 -ZrO 2 -Nb 2 O 5 mixture) was pressed into the microcavity of the rough end of the broken Mo wire on a quartz plate. Using the TiO 2 -ZrO 2 -Nb 2 O 5 -PME as the working electrode, a graphite rod (6 mm in diameter) as the counter electrode and a home-made AgCl/Ag reference electrode 26) , cyclic voltammetry was recorded by a CHI660B electrochemical workstation (Shanghai Chenhua Instrument Co. Ltd., China) in molten CaCl 2 at 850 C in argon atmosphere.
Corrosion test
In this work, it was found that the oxide pellet was uniformly transformed into an alloy pellet with high mechanical strength and it can be directly used as implant and tested as electrode. The as-prepared alloy pellet was connected to a copper wire and embedded in an epoxy cold mounting resin, leaving the bottom face uncovered, so that a working electrode was prepared 22) . The apparent area of the electrode was 2.54 cm 2 , calculated from its diameter. The metallic surface was mechanically polished with SiC paper up to #2000 and then washed in an ultrasonic bath. A CP Ti electrode with an exposure area of 0.196 cm 2 was prepared by the same way. A three-electrode system was used for the corrosion test armed with a saturated calomel electrode (SCE) and a graphite rod as reference and counter electrodes, respectively. To simulate the physiological conditions of the human body, the Ringer s solution ((9.001 g/L NaCl, 0.480 g/L CaCl2, 0.420 g/L KCl, 0.200 g/L Na 2 CO 3 ) was used as an electrolyte. The working electrode was immersed into the test solution and the open circuit potential (corrosion potential) was measured as a function of time. Tafel plots were carried out with a potential scan rate of 1 mV/s from −250 mV to +250 mV vs. E OCP . All the electrochemical measurements were carried out at room temperature ( 30 C) on a CHI660B electrochemical workstation and the measurements were repeated for three times.
Results and Ddiscussion
Electrolytic production of TiZrNb alloy
The electrochemical reduction of solid TiO 2 27, 28) , ZrO 2 29,30) and Nb 2 O 5 31,32) to the relative metals in molten CaCl 2 has been separately reported by different groups. Electrochemical reduction of TiO 2 27) , ZrO 2 29) and Nb 2 O 5 31) in CaCl 2 -based melts has been investigated by using a metal cavity electrode 33) . It was found that the reduction of these oxides involved multi steps with inclusion of calcium cation and metal suboxides. Similarly, the electrochemical reduction behavior of solid TiO 2 -ZrO 2 -Nb 2 O 5 powder was investigated by the mixture powder modi ed electrode (PME). Figure 2 shows the CVs of a Mo blank electrode and a TiO 2 -ZrO 2 -Nb 2 O 5 -PME, respectively. Peaks c1 is related to the deposition of calcium on the Mo electrode as evidenced by the CV of the Mo blank electrode. For the mixed powder modi ed Mo electrode, more than ve reduction peaks (c2, c3, c4, c5, c6) prior to the deposition of calcium are related to the reduction of the mixed oxides. Based on the Gibbs energy of the decomposition reactions of the oxides (reaction (1) to (3)), the reduction potential for ZrO 2 Constant cell voltage electrolysis (3.1 V) was conducted in a two-electrode cell between a TiO 2 -ZrO 2 -Nb 2 O 5 pellets cathode and a graphite anode in molten CaCl 2 . Typical current-time curve was presented in Fig. 3 . It can be seen that the initial current reached 11 A, and then declined within 1-2 h to a stable level. From the inserted gure, there are several current plateaus from 20 to 100 minutes, which should be attributed to the reduction of different oxides, in reference to the CV in Fig. 2 . The oxide pellets were fully transformed into metal pellets within 7 hours (inserted photos in Fig. 4) . Clearly, the electrolytic product has a bright metallic luster and is mechanically strong like a coin. As recorded by the computer, the charge passed for electrochemically reducing the TiO 2 -ZrO 2 -Nb 2 O 5 (3.527 g) was 12.383 Ah within 7 h, and the calculated current ef ciency was 35.7% and the energy consumption was about 17.366 kWh/kg TZN alloy. Figure 4 shows the XRD patterns of the oxide precursor and the electrolytic product. As shown in Fig. 4(a) , the precursor was exactly composed by TiO 2 , ZrO 2 and Nb 2 O 5 . There is no observable oxide compound in the sintered pellet. The diffraction peaks for the electrolytic product (Fig. 4(b) ) are relatively weak, and typical diffraction peaks of Ti, Zr and Nb can be identi ed. It is worth to note that two types of diffraction peaks of α-and β-Zr are presented. EDX measurement was employed for analyzing the elemental composition of the product (Fig. 5) . The ratio of Ti:Zr:Nb is 75.75:11.08:13.17, and it is basically identical with the desired composition of 74:13:13, a small deviation is acceptable by EDS analysis).
The TZN alloy prepared by the direct solid-state reduction is in a good coin-shape as shown in the inserted photo in Fig. 4(b) . This phenomenon is quite different from lots of the titanium alloys by the same method reported in literature that the products are always in the form of powder and of weak mechanical strength. A very exceptional example is that Zr and Zr-2.5Nb alloy prepared by electrolysis were well-sintered 15) . Although the detailed sintering mechanism is still unclear, the contribution from Zr and/or Nb is further supported by current work. The special heritage phenomenon encourages the manufacturing of the medical implant directly from an oxide preform 14) with desirable size, shape and surface structure. The surface morphology and porosity of the material will absolutely affect its mechanical strength and its compatibility with bone and bio-organisms 14) . Therefore, the surface morphology of the obtained TZN alloy was further characterized by SEM (Fig. 6) . As can be seen, the TNZ alloy has a nodular shape with a particle size of 1-6 μm which makes it into a net-work structure. The cellular structure has a pore size of of 1-5 μm, which is very bene cial to the growth of cells into the TZN implant.
Corrosion behavior of TZN alloy
The corrosion behavior of the obtained TZN alloy in Ringer s solution was investigated. As a comparison, CP Ti electrode was tested in parallel. Figure 7 shows the corrosion potential of CP-Ti and TZN alloy in Ringer s solution. The initial OCP of Ti was about 0.23 V and then it decreased with time and then reached a reasonably stable value about 0.1 V after 1 to 2 h, which was due to the activation of the surface. 34) For the TZN alloy, the OCP showed an extraordinary stability in Ringer s solution and the value was around −0.45 V, much more negative than that of pure Ti. The OCP value of TZN was similar to that reported by Majumdua et al 35) . High stability of OCP of both samples suggests that they are all stable in Ringer s solution in a long term. Figure 8 shows the steady state polarization curves of CPTi and the obtained TZN alloy in Ringer s solution for different duration. The electrochemical corrosion parameters of both samples were measured in terms of corrosion potential (E corr ), corrosion current density (i corr ) which are listed in Table 1. The corrosion current density (i corr ) was determined by extrapolating the linear region of the cathodic curve to the corrosion potential (E corr ). The E corr values for CP Ti and TNZ alloy both have a little change around the OCP value during the test time. The change of the E corr could be due to the activation of the surface and broken/self-healing of the oxide scale. 34) More detailed information of the oxide scale should be studied in order to explain the trend in the future. The i corr values of both samples declared that the CP Ti had a steady corrosion condition and showed a high corrosion-resistance in Ringer s solution; while, for TZN alloy, at the beginning of the test, showed an undulate corrosion-resistance, referring to the result of 5d-immersion. However, the i corr decreases with increasing immersion time, indicating that the surface of the TZN could experience a self-healing process. Moreover, the sample looked shiny after one-month immersion and without any corrosive sign, which means that the TZN has good anti-corrosive properties. Considering the relatively larger real surface area of the electrolytic TZN alloy, the real corrosion current density is even lower than the values as shown in Table 1 . Overall, soak-time makes TZN alloy became more and more corrosion-proof, even better than that of CP Ti, meaning that the passive lm formed on the TZN alloy is more stable with the present of ZrO 2 and Nb 2 O 5 . The strong corrosion suppression effect of Ti by alloying element in longer immersion period was also reported by Tsutsumi et al. 36) It was found that the corrosion rate of Ti-Nb-Ta decreased over a period of 15 d with a reconstruction of the passive layer of the alloy which was evidenced by the thickness and the composition of the passive layer of the alloy.
Conclusions
A ternary Ti-13Zr-13Nb alloy was prepared by electrochemical reduction of TiO 2 -ZrO 2 -Nb 2 O 5 in molten CaCl 2 at 850 C with an energy consumption of 17 kWh/kg-alloy. The electrolytic TZN was self-sintered to maintain a good mechanical strength, a porous structure and designed composition. The anti-corrosive behaviors of the electrolytic TZN in 
Ringer solution show that the corrosion potential of the electrolytic TZN alloy is about −0.45 V, which agrees with the TZN alloys prepared by other methods. Moreover, the TZN alloy shows a higher corrosion resistance than the CP Ti in Ringer s solution in terms of corrosion current density in a long-term service, further demonstrating the strong corrosion suppression effect of Ti by alloying element of Nb, Zr, Ta in long duration service in the simulated body uid.
